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Abstract: The enthalpy relaxation in amorphous and semi-crystalline poly(L-lactic acid) (PLLA) has 
been investigated at low and high undercooling to identify the different scale motions that contribute 
to physical ageing, and the temperature ranges in which they are active. The temperature limit below 
which exclusively small-scale localized motions produce structural relaxation in PLLA has been 
identified. In addition, motions different from pure cooperative large-scale motions and pure small-
scale local rearrangements, localized in the MAF, are found to mainly contribute to structural 
relaxation at intermediate undercooling. These motions are suggested to be related with the Johari-
Goldstein process. 
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1. Introduction 
The amorphous phase of semi-crystalline polymers, as poly(L-lactic acid) (PLLA) is constituted 
by a mobile fraction (MAF), which vitrifies and devitrifies at the bulk Tg, and a rigid fraction (RAF), 
located at the amorphous/crystal interface, which vitrifies and devitrifies at temperatures higher than 
the bulk Tg [1]. Both MAF and RAF contribute to structural relaxation upon annealing at temperatures 
below Tg [2]. It was recently demonstrated that for amorphous and semi-crystalline PLLA, the 
enthalpy recovered after isochronal annealing (Δha,) at different annealing temperatures (Ta) exhibits 
a markedly asymmetric bell-shape when plotted as a function of the undercooling (Tg − Ta), with a 
pronounced tail on the high (Tg − Ta) side [2]. For the semi-crystalline samples, the Δha values 
normalized to the respective mobile amorphous weight fraction, were found to diverge progressively 
from the amorphous curve by increasing the undercooling [2]. This behaviour was rationalized by 
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assuming that also RAF takes part in the enthalpy relaxation, with a contribution that becomes 
recognizable at high undercooling. RAF does not take part into the cooperative segmental motions 
around Tg, and can participate in the structural relaxation only through small-scale conformational 
rearrangements, which are barely influenced by the confining crystalline regions [3-6].  
In this work, the study of the enthalpy relaxation in amorphous and semi-crystalline PLLA is 
extended to high (Tg −Ta) values, to identify the different scale motions that contribute to physical 
ageing, and the temperature ranges in which they are active 
 
2. Experimental Section 
PLLA homopolymer (0 % D-lactic acid units) was purchased from Polysciences Inc, U.S.A. 
The mass-average molar mass (Mw) was approximately 100,000 g mol-1. To avoid degradation of the 
samples during thermal treatment at high temperatures, PLLA was dried in a vacuum oven at 60 °C 
for 24 h before use.  
A PerkinElmer Differential Scanning Calorimeter DSC 8500, equipped with an IntraCooler III 
as refrigerating system, was utilized. The instrument was calibrated in temperature with high purity 
standards materials (indium, naphthalene, cyclohexane) at zero heating rate, according to the 
procedure for conventional DSC [7]. 
The PLLA samples were heated from room temperature to 473 K at a rate of 50 K min-1, and 
maintained at this temperature for 2 min. Subsequently, the samples were either quenched at 323 K 
and immediately reheated to 368 K at 300 K min-1, to permit cold-crystallization into α'-modification 
(crystallization time: 90 min), or cooled from 473 K to 408 K at 300 K min-1, to allow melt-
crystallization into α-form (crystallization time: 130 min) [8]. At the end of the crystallization, the 
samples were quenched at 293 K. A completely amorphous sample was also obtained by rapid cooling 
from 473 K to 293 K. The amorphous and semi-crystalline samples were immediately heated from 
293 K to 473 K at 10 K min-1, in order to register the apparent specific heat capacity (cp,app) curves, 
and thus measure the Tg and the amorphous content.  
The Tg values were determined as fictive temperature for all the samples [9], which is 
approximately equivalent to the Tg upon cooling [10]. The weight fraction of the mobile amorphous 
portion (wMAF) was determined at Tg from the specific heat capacity increment, divided by the Δcp of 
the completely amorphous sample; whereas the crystalline weight fraction (wC) was determined from 
the area of the exothermal heat flow rate signal detected during the isothermal crystallizations at 368 
K and 408 K, divided by the enthalpy of melting of 100% crystalline α'- and α-forms [11]. Finally, 
the rigid amorphous weight fraction (wRAF) was calculated by difference.  
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The Tg and the specific heat increment at Tg (∆cp) for the amorphous and semi-crystalline PLLA 
samples, together with the respective wC, wMAF and wRAF values are reported in Table 1. The different 
glass transition temperatures of PLLA after crystallization at low and high Tcs were connected to the 
vitrification/devitrification of a slightly constrained and unconstrained mobile amorphous fractions, 
respectively [12].  
 
 
Table 1. Tg and specific heat capacity increment at Tg (∆cp), crystalline (wC), mobile amorphous (wMAF) and 
rigid amorphous (wRAF) weight fractions of the amorphous and semi-crystalline PLLA samples investigated. 
Estimated error: ±0.5 K for Tg, ±0.02 J g-1 K-1 for ∆cp,±0.02 for wC and wMAF, ±0.04 for wRAF. 
 
PLLA Tg 
(K) 
Δcp at Tg 
(J g-1 K-1) 
wC wMAF wRAF 
amorphous 332.0 0.56 - 1.00 - 
Tc = 368 K 342.0 0.20 0.36 0.38 0.26 
Tc = 408 K 339.5 0.15 0.43 0.28 0.29 
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Fig.1  Temperature profile for the enthalpy relaxation experiments 
 
 
The study of the enthalpy relaxation at different Tas for a fixed ageing time was performed 
according to the temperature profile shown in Fig. 1. The semi-crystalline PLLA samples were heated 
to 363 K, kept for 0.3 min at 363 K, and cooled at the fastest available cooling rate to the preselected 
annealing temperature Ta (average cooling rate: 90 K min-1), included between 281 K and 341 K. The 
samples were maintained at Ta for ta = 5 hours, then cooled down to 248 K at the fastest cooling rate 
4 
 
(average cooling rate: 60 K min-1). The cp,app curves of the aged samples (cp,app,aged) were obtained by 
heating at 20 K min-1 from 248 K to 363 K, whereas the cp,app curves of the unaged samples 
(cp,app,unaged) were achieved, after cooling from 363 K to 248 K at the highest cooling rate, by re-
heating from 293 K to 363 K at 20 K min-1. For the amorphous PLLA, Ta was between 273 K and 
331 K, with the limit temperature of 363 K reduced to 353 K to prevent crystallization of the sample.  
 
3. Results and discussion 
In order to illustrate the evolution of the apparent specific heat capacity curves after annealing 
of 5 hours at different Tas, some selected cp,app,aged and the corresponding cp,app,unaged for amorphous 
PLLA are displayed in Figure 2. The difference between the cp,app,aged and cp,app,unaged curves for 
amorphous and semi-crystalline PLLA samples (Δcp,app = cp,app,aged − cp,app,unaged), after annealing at 
different Tas for 5 hours, was thus derived. Theses Δcp,app curves are shown in Figure 3.  
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Fig. 2  Apparent specific heat capacity (cp,app) curves of aged (cp,app,aged, solid line) and unaged (cp,app,unaged, 
dashed line) amorphous PLLA upon heating at 20 K min-1, after annealing of 5 hour at the indicated Tas. 
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The enthalpy that relaxes during the annealing of a glass at Ta for a period of time ta, Δha (Ta, 
ta), recovered during the successive heating run, is determined by integration of the Δcp,app curve, 
according to the following relation [13]:  
dTctTh
T
T
apppaaa ∫ ∆=∆
2
1
,),(  
 
(1) 
where T1 and T2 are two temperatures well below and above the glass transition region respectively. 
In Fig. 2 the Δcp,app curves registered after annealing at the lowest investigated Tas are highlighted in 
red, as better discussed below. 
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Fig. 3  Δcp,app curves of amorphous and semi-crystalline PLLA crystallized at the Tcs indicated after 
annealing of 5 hour at different Tas. The red solid lines are the Δcp,app curves after annealing at the lowest Tas. 
 
 
Fig. 4(A) displays the enthalpy recovered, Δha, as a function of the undercooling (Tg −Ta), 
whereas Fig. 4(B) and 4(C) show the trends of Δha after normalization with respect to the overall 
non-crystalline fraction (1−wC) = (wMAF + wRAF), and the mobile amorphous fraction wMAF, 
respectively. These curves are almost coincident with those reported in the former study up to the 
undercooling of about 45 K [1], although a slightly different thermal protocol was here used. Fig. 
4(A) reports also the maximum enthalpy, ∆ha,max, that can be lost by the amorphous and semi-
crystalline PLLA samples at a given Ta, estimated as ∆cp∙(Tg −Ta), where ∆cp is the specific heat 
capacity increment at Tg. 
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Fig. 4  (A) Reduction in enthalpy (Δha), (B) reduction in enthalpy normalized to the total amorphous fraction 
[Δha /(1-wC)], (C) reduction in enthalpy, normalized to the mobile amorphous fraction (Δha /wMAF), after 5 
hours of annealing for amorphous and semi-crystalline PLLA samples, as a function of (Tg -Ta). The solid 
line that connects the Δha data of the amorphous PLLA is a guide to the eye. The solid, dashed and dotted 
lines are the maximum enthalpy that can be lost at a given (Tg -Ta) by the amorphous and semi-crystalline 
PLLA crystallized at 368 K and 408 K, respectively. Estimated error for Δha: ± 0.1 J g-1, for [Δha /(1-wC)] 
and (Δha /wMAF): ±0.15 J g-1. 
 
 
The main finding discussed in the previous work regards the deviation of the Δha/wMAF data 
from the amorphous curve at high undercooling. The overestimation of the role of the MAF was 
considered as a proof that the RAF, which is absent in the amorphous PLLA, also takes part in the 
enthalpy relaxation. It was suggested that the RAF contribution becomes recognizable with reducing 
Ta, in parallel with the concomitant decrease in the cooperative segmental motions, which are active 
during physical ageing only in the MAF regions and primarily at low undercooling [2]. 
However, the temperature ranges in which the different motions predominantly contribute to 
the structural relaxation of PLLA were not identified. From this point of view, the present Fig. 4(B) 
appears very significant, because it reveals that at undercooling higher than 55 K, the relaxed enthalpy 
normalized to the total non-crystalline fraction [Δha/(1−wC)] overlaps the amorphous curve. This 
means that MAF and RAF contribute similarly to structural relaxation at (Tg −Ta)> 55 K. This can 
occur exclusively through localized motions, the only ones active in the rigid amorphous fraction at 
temperatures below Tg [3-6]. The matching of the Δha and [Δha/(1−wC)] curves for the amorphous 
and semi-crystalline samples at (Tg − Ta)> 55 K indicates that also in amorphous PLLA, structural 
relaxation originates from local motions at this undercooling. Secondary β-relaxations were indeed 
found active in amorphous and semi-crystalline PLLA down to about -100 °C [5,14,15].  
Figure 3 displays that with reducing Ta, the Δcp,app peaks shifts toward temperatures 
progressively lower. After annealing at the lowest Tas, the Δcp,app peaks appear centred at about 20 K 
below the respective Tgs for the amorphous and semi-crystalline PLLA samples, which proves that 
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the enthalpy lost during annealing at the highest undercooling investigated is completely recovered 
below Tg. This confirms that structural relaxation occurs at the highest undercooling via 
conformational rearrangements that are completely different from the ones responsible for the glass 
transition process. Also a recent paper on physical ageing of polymers at temperatures far below Tg 
provided evidence of a mechanism different from the slow one observed close to Tg [16]. The 
presence of sub-Tg peaks is an event commonly observed in the cp curves of polymeric glasses 
physically aged tens of degrees below Tg [17]. The temperature of the sub-Tg peak generally increases 
with the annealing time, although it was found not to approach the Tg value for progressively 
increasing undercooling [17]. 
It is worth noting that for the amorphous PLLA annealed at low Tas, both the cp,app,aged and 
cp,app,unaged curves exhibit also an enthalpy recovery peak at about 338 K (Figure 2). This second cp,app 
overshot is ascribable to the enthalpy loss that occurs during the cooling and the heating steps at 
temperatures close to Tg, where the equilibration rate is high [18]. A double enthalpy recovery in 
different temperature ranges further attests the difference in the equilibration mechanisms at high and 
low undercooling.  
Several studies demonstrated that the dynamics of the structural relaxation can be described by 
the Vogel-Fulcher-Tamman (VFT) equation, which is generally used to fit data relative to the 
cooperative segmental α-relaxation, only in proximity of Tg [19-23], or at undercooling of few 
degrees [24,25]. With decreasing the annealing temperature, deviations from the VFT law towards a 
smoother temperature dependence, or an Arrhenius-type behaviour, have been reported [19-23]. 
Also for PLLA cooperative segmental motions could be the main and more efficient mechanism 
for structural relaxation close to Tg or at undercooling of few degrees. In this temperature range not 
far from Tg, the α-relaxation is expected to produce high reduction in enthalpy, due to the large-scale 
motions that characterize it, which involve the simultaneous rearrangements of several monomeric 
units. Certainly the faster local motions participate in physical ageing in the whole (Tg −Ta) range 
investigated, but in the presence of cooperative long-range conformational rearrangements, their 
contribution can be less important. An investigation on the equilibration time and on the ageing rate 
as a function of the undercooling might evidence changes in the mechanism that mainly contributes 
to physical ageing in PLLA. This hypothesis is however to be confirmed, and further studies on this 
issue are at the moment in progress.  
As discussed above, Fig. 4(B) reveals that in PLLA only sub-segmental motions produce 
structural relaxation at undercooling higher than 55 K in both amorphous and semi-crystalline PLLA. 
This finding leads therefore to deduce that for (Tg −Ta) values included between the low undercooling 
at which cooperative segmental motions are active and about 55 K, rearrangements different from 
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pure large-scale cooperative and pure small-scale local motions contribute to physical ageing in 
PLLA. 
Table 1 shows that for the two semi-crystalline PLLA samples investigated, the RAF content 
is similar, being the respective values within the experimental error, which means that the 
contribution of RAF to structural relaxation is also similar. More importantly, the trend of the 
normalized Δha/wMAF curves displays that at undercooling higher than about 3 K, the supposed MAF 
contribution to structural relaxation is higher for the sample crystallized at higher Tc, characterized 
by a lower Tg, and a higher mobility of the amorphous regions. This suggests that rearrangements 
involving chain segments of the only MAF region could facilitate structural relaxation in this 
temperature range, in addition to the RAF contribution, which could be similar in the two semi-
crystalline PLLA samples. The different MAF mobility has been suggested to arise from different 
crystalline morphologies, and consequently different MAF region size [12]. The rearrangements 
occurring only in the MAF might be intermediate between the large-scale cooperative motions, active 
at low undercooling, and the small-scale local motions, the only mechanism of equilibration operative 
at high undercooling. 
This interpretation is consistent with the results obtained from previous studies on molecular 
mobility in semi-crystalline PLLA, performed by dielectric relaxation spectroscopy [15]. A 
multicomponent character was found for the secondary β-relaxation process, which resulted from the 
sum of three components with variable contributions as a function of crystallinity [15]. For the 
slowest β-relaxation, the ratio (Eβ /RTg) is about 21, where Eβ = 60 kJ mol-1 is the activation energy 
[15]. This value is very close to 24, which was found typical of the secondary Johari-Goldstein (JG) 
relaxation [26]. The JG process is considered a precursor of the cooperative α-relaxation, because at 
temperatures lower than Tg, it involves the motion of the entire monomeric or structural unit, via 
simultaneous small-scale molecular rearrangements, which do not occur cooperatively with other 
structural segments [27-29]. Also for some polyesters, such as poly(ethylene terephthalate), 
poly(ethylene naphthalene dicarboxylate), poly(ethylene isophthalate) and poly(butylene 
isophthalate), which exhibit different β sub-glass modes, the slowest ones were connected with the 
JG relaxation [30]. 
Thus, the existence of simultaneous non-cooperative local motions, involving the whole 
repeating unit or maybe slightly larger structural portions only in the MAF region, could account 
partially for the structural relaxation of PLLA at undercooling between about 3 K and 55 K. These 
associated and extended local motions could be hindered in the RAF layers, due he presence of strong 
constraints caused by the close crystalline regions. It is worth noting that the JG process has an 
Arrhenius temperature dependence in the glassy state [29], which is in perfect agreement with the 
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deviations from the VFT law found for progressively decreasing annealing temperatures in previous 
ageing studies [19-23]. Also the JG process is expected to progressively slow down by reducing the 
annealing temperature, so that at undercooling higher than 55 K, exclusively local motions become 
the main cause for the structural relaxation in PLLA.  
 
4. Conclusions 
The contribution of different motions to structural relaxation of PLLA has been identified by 
comparing the enthalpy recovered after isochronal annealing at different temperatures for amorphous 
and semi-crystalline samples. Undercooling limit of about 55 K, below which exclusively small-scale 
localized motions produce structural relaxation in both amorphous and semi-crystalline PLLA has 
been identified. In addition, motions different from pure cooperative large-scale motions and pure 
small-scale local rearrangements, localized in the MAF, are found to mainly contribute to structural 
relaxation at intermediate undercooling. These motions are suggested to be related to the Johari-
Goldstein process. 
The study has demonstrated that in semi-crystalline PLLA, both MAF and RAF participate in 
structural relaxation: MAF is supposed to contributes (i) close to Tg, with cooperative large-scale 
motions, (ii) at intermediate undercooling, with simultaneous and associated non-cooperative local 
motions, involving the entire structural unit, (iii) at high undercooling, exclusively with small-scale 
localized motions. The contribution of the RAF, which is generated by small-scale local motions in 
the whole undercooling range investigated, becomes recognizable by reducing Ta, in parallel with the 
concomitant disappearance of the cooperative segmental motions, and the progressive reduction in 
non-cooperative associated local motions. 
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